Insulin resistance and defective insulin secretion are the two major features of type 2 diabetes. The adapter protein APPL1 is an obligatory molecule in regulating peripheral insulin sensitivity, but its role in insulin secretion remains elusive. Here, we show that APPL1 expression in pancreatic β cells is markedly decreased in several mouse models of obesity and diabetes. APPL1 knockout mice exhibit glucose intolerance and impaired glucose-stimulated insulin secretion (GSIS), whereas transgenic expression of APPL1 prevents high-fat diet (HFD)-induced glucose intolerance partly by enhancing GSIS. In both pancreatic islets and rat β cells, APPL1 deficiency causes a marked reduction in expression of the exocytotic machinery SNARE proteins (syntaxin-1, synaptosomal-associated protein 25, and vesicle-associated membrane protein 2) and an obvious decrease in the number of exocytotic events. Such changes are accompanied by diminished insulin-stimulated Akt activation. Furthermore, the defective GSIS and reduced expression of SNARE proteins in APPL1-deficient β cells can be rescued by adenovirusmediated expression of APPL1 or constitutively active Akt. These findings demonstrate that APPL1 couples insulin-stimulated Akt activation to GSIS by promoting the expression of the core exocytotic machinery involved in exocytosis and also suggest that reduced APPL1 expression in pancreatic islets may serve as a pathological link that couples insulin resistance to β-cell dysfunction in type 2 diabetes. T ype 2 diabetes mellitus (T2DM) is a heterogeneous metabolic disease resulting from a combined defect in both actions and secretion of insulin. β-cell dysfunction is the major contributor to the development of T2DM (1). Impaired firstphase insulin secretion is often observed in the very early stage of T2DM and also in impaired glucose tolerance (2). However, the molecular mechanism underlying the pathogenesis of β-cell dysfunction is vaguely understood.
Insulin resistance and defective insulin secretion are the two major features of type 2 diabetes. The adapter protein APPL1 is an obligatory molecule in regulating peripheral insulin sensitivity, but its role in insulin secretion remains elusive. Here, we show that APPL1 expression in pancreatic β cells is markedly decreased in several mouse models of obesity and diabetes. APPL1 knockout mice exhibit glucose intolerance and impaired glucose-stimulated insulin secretion (GSIS), whereas transgenic expression of APPL1 prevents high-fat diet (HFD)-induced glucose intolerance partly by enhancing GSIS. In both pancreatic islets and rat β cells, APPL1 deficiency causes a marked reduction in expression of the exocytotic machinery SNARE proteins (syntaxin-1, synaptosomal-associated protein 25 , and vesicle-associated membrane protein 2) and an obvious decrease in the number of exocytotic events. Such changes are accompanied by diminished insulin-stimulated Akt activation. Furthermore, the defective GSIS and reduced expression of SNARE proteins in APPL1-deficient β cells can be rescued by adenovirusmediated expression of APPL1 or constitutively active Akt. These findings demonstrate that APPL1 couples insulin-stimulated Akt activation to GSIS by promoting the expression of the core exocytotic machinery involved in exocytosis and also suggest that reduced APPL1 expression in pancreatic islets may serve as a pathological link that couples insulin resistance to β-cell dysfunction in type 2 diabetes. T ype 2 diabetes mellitus (T2DM) is a heterogeneous metabolic disease resulting from a combined defect in both actions and secretion of insulin. β-cell dysfunction is the major contributor to the development of T2DM (1) . Impaired firstphase insulin secretion is often observed in the very early stage of T2DM and also in impaired glucose tolerance (2) . However, the molecular mechanism underlying the pathogenesis of β-cell dysfunction is vaguely understood.
Although the peripheral metabolic tissues are the main targets of insulin, mounting evidence from animal and human studies suggests that the β cell itself also possesses an insulin signaling system, which plays a critical role in regulating β-cell mass, survival, insulin biosynthesis, and secretion (3) . β-cell-specific inactivation of several components involved in insulin signaling, including insulin receptor (IR), insulin receptor substrate (IRS)-2, class IA phosphatidylinositol 3-kinase (PI3K), and Akt, leads to impaired insulin secretion and/or decreased β-cell mass (4) (5) (6) (7) . By contrast, transgenic expression of active Akt or IRS-2 in β cells increases β-cell mass and enhances insulin secretion, thereby rendering the mice resistant to experimental diabetes (8, 9) . In humans, the expression levels of several insulin signaling molecules (IR, IRS-2, and Akt2) are reduced in pancreatic islets isolated from patients with T2DM (10) . On the other hand, early intensive insulin therapy can improve β-cell function and glycemic control in patients with T2DM, further supporting the beneficial effect of insulin on β-cell functions (11) . However, the molecular pathways that couple insulin signaling to insulin secretion in the β cells remain enigmatic.
APPL1, an adapter protein containing an NH2-terminal Bin/ Amphiphysin/Rvs domain (BAR), a central pleckstrin homology (PH) domain, and a COOH-terminal phosphotyrosine-binding domain (PTB), is a critical regulator of endocytotic pathways (12) . As a binding partner of Akt2 (13) , this adapter protein has emerged as an important mediator of insulin actions in the liver (14) , skeletal muscles (15) , adipocytes (16) , and endothelium (17) . In the liver, APPL1 potentiates the inhibitory effects of insulin on hepatic gluconeogenesis via Akt activation, and overexpression of APPL1 in liver alleviates hyperglycemia in db/db diabetic mice (14) . In skeletal muscles and adipocytes, APPL1 mediates insulinstimulated glucose uptake via controlling the translocation of cytosolic glucose transporter 4 to the plasma membrane (15, 16) . In the blood vessels, APPL1 counteracts obesity-induced vascular insulin resistance by shifting the vasoconstrictor effect of insulin to nitric oxide-dependent vasodilatation (17) . Furthermore, APPL1 interacts with the adiponectin receptors, thereby mediating the insulin-sensitizing effects of this adipokine (18, 19) .
Although APPL1 is abundantly expressed in the pancreas (13), its roles in insulin secretion and β-cell functions have never been explored. During the metabolic phenotyping analysis of APPL1 knockout (KO) mice (17), we observed a marked impairment of glucose-stimulated insulin secretion (GSIS) in this rodent model. In this study, we further investigated the pathophysiological role of APPL1 in modulating insulin secretion in both lean and obese mice, and elucidated the molecular mechanisms underlying APPL1 functions in pancreatic β cells.
Results

APPL1 Expression in Pancreatic Islets Is Decreased in both Dietary and
Genetic Obese Mice. A previous study has detected a high level of pancreatic APPL1 mRNA expression in mice (13) . We further examined the expression and distribution pattern of APPL1 in pancreatic tissues. Both immunofluorescence staining and cell fractionation analysis detected a much higher level of APPL1 protein in islet fraction compared with nonislet fraction (exocrine cells) in the pancreas of C57 lean mice ( Fig. 1 A and B) . In pancreatic islets, a large proportion of APPL1 colocalized with insulin, suggesting that this adapter protein is abundantly expressed in β cells. Notably, APPL1 expression was significantly decreased in islet cells of both high-fat diet (HFD)-induced obese mice and genetically inherited db/db obese/diabetic mice compared with those of lean controls ( Fig. 1 A-C) , whereas there was no obvious difference in APPL1 expression in nonislet cells or other metabolic tissues, including liver and skeletal muscles (Fig. S1 ). In line with previous reports (20, 21) , we found that pancreatic islets isolated from both diet-induced obese mice and db/db diabetic mice displayed a significant reduction in GSIS compared with agematched lean controls (Fig. 1D ).
Genetic Ablation of APPL1 Causes Glucose Intolerance and Impairment of Insulin Secretion in Mice. We next investigated the physiological role of APPL1 in insulin secretion and glucose metabolism using APPL1 KO mice as recently described (17) . Body weight gain (Fig. S2A ) and food intake (Table S1) were comparable between male APPL1 KO mice and wild-type (WT) littermates when they were fed with a standard chow (STC) or HFD for a period of 20 wk. APPL1 KO mice on either STC or HFD had significantly higher fasting glucose and insulin levels compared with WT controls (Table S1 ). Glucose tolerance test (GTT) revealed a mild but significant impairment in glucose disposal in STC fed-APPL1 KO mice relative to WT controls, whereas a much more severe glucose intolerance was observed in APPL1 KO mice fed with HFD ( Fig. 2A) . In APPL1 KO mice on both STC and HFD, insulin secretion during i.p. glucose challenge was markedly attenuated compared with their WT littermates (Fig. 2B) . Furthermore, insulin secretion induced by L-arginine, which directly induces membrane depolarization of β cells, was compromised in APPL1 KO mice (Fig. S2B) , suggesting that the lack of APPL1 causes a generalized defect in insulin secretion. APPL1 KO mice also developed more severe insulin resistance, as determined by insulin tolerance test (ITT) (Fig. S2 C and D) . Taken together, these findings suggest that glucose intolerance in APPL1 KO mice is attributed in part to impaired insulin secretion.
Although the role of APPL1 in peripheral insulin actions is now well documented (14-16), whether it regulates insulin secretion has not been explored. Therefore, we further investigated the impact of APPL1 deficiency on insulin secretion in isolated mouse pancreatic islets. The islets from STC fed-APPL1 KO mice exhibited a comparable level of basal insulin secretion, but significantly lower GSIS compared with WT controls (Fig. 2C ). In addition, insulin secretion stimulated by potassium chloride (KCl), which directly depolarizes the cell membrane and induces calcium influx, was blunted in the islets of APPL1 KO mice (Fig. 2C) . Impairment of insulin secretion in response to both glucose and KCl stimulation was also observed in islets of APPL1 KO mice on HFD (Fig. S3A) .
To further examine the dynamics of insulin secretion, perifusion experiment was performed in islets of APPL1 KO and WT mice. This analysis demonstrated that APPL1 deficiency led to a marked reduction in the first phase (6-18 min) of GSIS, but had little effect on the second phase (18-42 min) of GSIS ( Fig. 2 D and E) . 
C
Islet Non-islet Consistent with the above findings in isolated mouse islets, rat INS-1E β cells infected with adenovirus encoding APPL1 RNAi exhibited an ∼75% reduction in APPL1 expression (Fig. S3B) , and this change was accompanied by a significantly decreased insulin secretion induced by glucose and KCl (Fig. S3C) . Taken together, these in vivo and in vitro findings support an obligatory role of APPL1 in insulin secretion.
Transgenic Expression of APPL1 Prevents Obesity-Induced Glucose Intolerance and Defective Insulin Secretion. To test whether overexpression of APPL1 alleviates HFD-induced decrement of glucose tolerance and insulin secretion, we next performed GTT and GSIS in APPL1 transgenic mice (17) and WT controls on both STC and HFD. The expression level of APPL1 in pancreatic islets of the transgenic mice was increased by ∼3.5-fold compared with WT controls (Fig. 3A) . Transgenic expression of APPL1 had no obvious impact on food intake and body weight gain, but caused a significant alleviation in HFD-induced fasting hyperglycemia and hyperinsulinemia (Table S1 ). In response to glucose challenge, glucose excursion curves were similar between APPL1 transgenic mice and WT controls fed with STC, whereas HFDinduced glucose intolerance was significantly reduced by transgenic expression of APPL1 (Fig. 3B) . Furthermore, HFD-induced impairment in GSIS was partially reversed by the transgenic expression of APPL1 (Fig. 3C) . The islets isolated from STC-fed APPL1 transgenic mice displayed a trend toward enhanced insulin secretion in response to glucose (11 mM) or KCl (50 mM) stimulation ( Fig. 3D ), and such changes became much more evident in the islets of HFD-fed APPL1 transgenic mice compared with the islets isolated from WT controls (Fig. 3E) . Insulin sensitivity as assessed by ITT was similar between APPL1 transgenic mice and WT controls, whereas HFD-induced insulin resistance was significantly alleviated by transgenic expression of APPL1 (Fig. 3F ).
APPL1 KO Mice Exhibit Decreased Expression of SNARE Proteins and
Impaired Exocytosis. To further delineate the mechanism that causes defective insulin secretion in APPL1 KO mice, we analyzed β-cell mass, insulin content, ATP production, and calcium influx in response to glucose challenge. The pancreatic β-cell mass was significantly increased in both STC-and HFD-fed APPL1 KO mice compared with the WT controls (Fig. S4A) . The total insulin content in the isolated pancreatic islets was not different between APPL1 KO mice and WT littermates (Fig. S4B ). Glucose-induced ATP production and calcium influx in pancreatic islets were comparable between the two groups ( Fig. S4 C and D) , suggesting that defective insulin secretion in APPL1 KO mice occurs at a step downstream of calcium influx. The expression levels of key genes involved in the regulation of insulin synthesis (insulin and pancreatic and duodenal homeobox 1, PDX-1) and glucose metabolism (glucose kinase, GCK and glucose transporter 2, GLUT2) were also similar between the islets of APPL1 KO mice and WT (G) Latency (in seconds) for the onset of staining with sulforhodamine B relative to that of staining with 10 kDa dextran. *P < 0.05 (n = 5-6). NS, not significant. controls (Fig. S4E) . On the other hand, APPL1 KO mice exhibited a significant down-regulation in mRNA expression of several soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins, including syntaxin-1 (STX1), synaptosomal-associated protein 25 (SNAP25), and vesicle-associated membrane protein 2 (VAMP2) (Fig. 4A) , which are the core components of the exocytotic machinery of eukaryotic cells (22) . The mRNA expression level of Sec1/Munc18 (Munc18), Rab3a, and synaptotagmin VII, which are also involved in the regulation of insulin secretion through SNARE proteins (23, 24) , was comparable between the two groups of mice (Fig. S4E) .
Consistent with the aforementioned changes in mRNA expression, Western blot analysis demonstrated a marked reduction in protein levels of the three SNARE proteins in the islets of APPL1 KO mice, compared with their WT controls (Fig. 4 B and  C) . Notably, decreased expression of these SNARE proteins was accompanied by a reduced number of docked insulin granules at the plasma membrane in the islets of APPL1 KO mice (Fig. 4D) . By contrast, the islets from APPL1 transgenic mice displayed an increase in docked insulin granules (Fig. S5) . We next examined the role of APPL1 in insulin granule exocytosis and fusion pore dynamics with two-photon excitation imaging (25) . In response to glucose stimulation (20 mM), the exocytotic events during the first 5 min were significantly reduced in the islets of APPL1 KO mice compared with WT controls (Fig. 4 E and F) , further supporting an indispensable role of APPL1 in the first-phase insulin secretion. On the other hand, expansion of the fusion pore as detected by measuring latency for the onset of staining with fluorescent markers of different sizes was comparable between the islets of APPL1 KO mice and WT littermates (Fig. 4G) , implying that APPL1 deficiency has no effect on the fusion dynamics.
In INS-1E β cells, adenovirus-mediated knockdown of APPL1 expression resulted in a significant reduction in expression of SNARE proteins (Fig. S6A) , whereas adenovirus-mediated expression of APPL1 augmented the expression of SNAP25, STX1, and VAMP2 in primary β cells isolated from APPL1 KO mice (Fig. 5A) . The latter change was associated with increased glucose-and KCl-induced insulin secretion (Fig. 5 B-D) . Taken together, these findings suggest that defective insulin secretion in APPL1 KO mice is attributed at least in part to decreased expression of the SNARE proteins in β cells.
Defective Insulin Secretion in APPL1-null β Cells Is Rescued by Akt Activation. The Akt/FoxO1 signaling cascade plays a pivotal role in the regulation of SNARE protein expression and insulin secretion (4, 26) . Because APPL1 has been shown to potentiate Akt signaling in adipocytes (16) , hepatocytes (14) , and muscle cells (15), we next investigated whether APPL1 deficiency has any impact on this signaling cascade in pancreatic islets. Insulinstimulated phosphorylation of Akt at Ser-473 and FoxO1 at Ser-256 in the islets of APPL1 KO mice was significantly decreased compared with those of WT controls, whereas there was no obvious difference in insulin-induced phosphorylation of ERK1/2 (Thr-202/Tyr-204) between the two groups of mice (Fig. 6A) . Likewise, RNAi-mediated reduction in APPL1 expression in INS-1E cells significantly enhanced the interaction between Akt and its endogenous inhibitor tribble homolog 3 (TRB3) (Fig. S6B ) and blunted insulin-stimulated phosphorylation of Akt and FoxO1 (Fig. S6C) . On the other hand, adenovirus-mediated expression of APPL1 reversed the impairment in insulin-stimulated Akt/FoxO1 phosphorylation in APPL1-null β cells (Fig. S7A) . Similarly, transgenic expression of APPL1 augmented the phosphorylation of Akt and FoxO1 induced by insulin in the islets of APPL1 transgenic mice on HFD (Fig. S7B) .
To test whether the activation of Akt could reverse defective insulin secretion in APPL1-null β cells, islets isolated from APPL1 KO mice were infected with adenovirus encoding luciferase or a constitutively active form of Akt (CA-Akt). This analysis demonstrated that decreased expression of the three SNARE proteins in islets of APPL1 KO mice was largely reversed by adenovirus-mediated expression of CA-Akt but not by the luciferase control (Fig. 6 B-D) , and this change was accompanied by the restoration of GSIS in the APPL1-null β cells (Fig. 6E) .
Discussion
Defective insulin secretion is a major feature of β-cell dysfunction and a primary contributor to hyperglycemia in T2DM. However, because insulin secretion is a highly dynamic process regulated by complex mechanisms, the pathological pathways leading to β-cell dysfunction remain poorly characterized. In the present study, we provide both in vitro and in vivo evidence showing that APPL1, a multidomain adapter protein involved in the peripheral actions of insulin (14) (15) (16) , is a physiological regulator of insulin secretion in pancreatic β cells. GSIS is blunted in APPL1 KO mice, but is augmented by transgenic expression of APPL1. Despite impaired GSIS, it is noteworthy that basal plasma insulin levels in APPL1 KO mice are much higher than those in WT littermates. Increased basal insulin secretion in APPL1 KO mice is perhaps due to the compensatory function of β cells, and may also explain why glucose intolerance is not obvious in young APPL1 KO mice (27) .
Loss of first-phase insulin secretion occurs in the very early stage of type 2 diabetes (2). In isolated islets from APPL1 KO mice, we found that the impaired GSIS is mainly attributed to defective first-phase insulin secretion. This conclusion is also supported by our observation that the number of docked insulin granules, a major pool for first-phase insulin secretion (2) , is decreased in APPL1-null islets but increased in APPL1 transgenic islets. Furthermore, our data from both gain-of-function and loss-of-function studies suggest that APPL1 may promote insulin exocytosis by increasing the expression of SNARE protein complex, a core component involved in calcium-induced docking and exocytosis of secretory granules (22, 28) .
The three main components of SNARE proteins (STX1, SNAP25, and VAMP2) promote exocytosis of insulin granules by forming a heterotrimeric complex, thereby facilitating membrane fusion, priming and docking of secretory vesicles (22, 28) . The importance of SNARE-mediated exocytosis in the first-phase insulin secretion has been documented in both in vitro and animal studies (29) , and decreased expression of the three SNARE proteins has been suggested as a possible cause of defective insulin secretion in rodents and patients with obesity and T2DM (30, 31) . Notably, β cells from STX1 KO mice display impaired first-phase insulin secretion and defective docking and fusion of insulin granules (29) , a pattern similar to APPL1-null islets observed in our study. In both the pancreatic islets of APPL1 KO mice and rat INS-1E β cells with decreased APPL1 expression, we found that the expression levels of all three SNARE proteins are markedly decreased, whereas this change is reversed by adenovirus-mediated replenishment of APPL1. These findings suggest that decreased APPL1 expression in islet β cells may contribute to decreased expression of the SNARE proteins in obesity and diabetes, which in turn causes defective insulin secretion.
APPL1 has been reported to modulate both substrate specificity and activity of Akt (14-17, 32), a protein kinase that plays a central role in mediating the peripheral actions of insulin. In addition, the PI3K/Akt signaling pathway has been shown to control insulin secretion at the step of exocytosis, partly via enhancing the expression of SNARE proteins (4, 7). The promoter regions of the SNARE complex genes contain the binding sites for FoxO1, which suppresses the transcription of these genes (4). Akt activation in β cells induces the transcriptional activation of the SNARE complex genes by phosphorylating and inactivating FoxO1, but has no obvious effect on expression of several other exocytotic proteins (Rab3a, Munc18, and synaptotagmin) (4, 7). Pancreatic β-cellspecific ablation of PI3K leads to glucose intolerance and defective insulin secretion in mice, and PI3K-null β cells exhibit defective exocytosis of insulin granules due to the reduced expression of SNARE proteins and loss of cell-cell synchronization (4). These defects can be rescued by forced activation of Akt or inactivation of the Akt downstream target FoxO1 in PI3K-null cells (4) . Likewise, transgenic mice with diminished Akt activity in β cells (7) display glucose intolerance due to defective insulin secretion at the level of exocytosis, whereas glucose-stimulated calcium influx is not altered. By contrast, transgenic mice with β-cell-specific activation of Akt can protect against streptozotocin-induced diabetes by preserving β-cell mass and GSIS (8) . In line with these findings, several pieces of evidence from the present study demonstrated that APPL1-mediated expression of the three SNARE proteins is attributed to the ability of this adapter protein in potentiating insulin-evoked Akt activation. First, in the islets of APPL1 KO mice and rat INS-1E β cells with RNAi-mediated knockdown of APPL1, decreased expression of the three SNARE proteins is accompanied by a marked attenuation in insulin-elicited phosphorylation of Akt and its downstream target FoxO1. Second, adenovirus-mediated expression of constitutively active Akt is sufficient to rescue the reduction in expression of the three SNARE proteins in APPL1-null islet cells. Taken together, these data support the role of APPL1 as a key regulator that couples insulin signaling to insulin secretion in β cells.
As an interacting partner of Akt (13), APPL1 has been shown to enhance Akt activity by competing with the pseudokinase TRB3 for Akt binding sites in hepatocytes and endothelial cells (14, 17) . Likewise, the present study found that the impaired insulin-evoked Akt activation by knockdown of APPL1 expression is accompanied by enhanced interaction between Akt and TRB3 in β cells. TRB3 acts as an endogenous Akt inhibitor by trapping Akt within the cytosol and preventing its translocation to the plasma membrane (14) . By contrast, APPL1 releases Akt trapped by TRB3 and promotes Akt translocation to the plasma membrane and endosomes for further activation (14) . Notably, TRB3 expression is markedly elevated in islets from patients with T2DM as well as insulin receptor-deficient mice (26) . Overexpression of TRB3 in both mouse β cells and human islet cells blocks docking and exocytosis of insulin granules by downregulating the expression of the SNARE proteins (26) . Therefore, APPL1 and TRB3 display opposite changes in the islets of obesity and diabetes and exert opposing effects in modulating the expression of SNARE proteins and insulin exocytosis, suggesting that these two Akt-binding proteins may act as a "yinand-yang" pair to fine-tune insulin secretion, by tightly controlling the expression of key exocytotic genes in β cells.
In conclusion, the present study has identified APPL1 as an indispensable component that controls insulin secretion in pancreatic β cells, by modulating the expression of SNARE proteins via an Akt-dependent pathway. Our data, together with the previous findings showing that APPL1 mediates the metabolic effects of insulin in its peripheral targets, support the role of APPL1 as a master coordinator controlling both secretion and actions of insulin. These findings further highlight the importance of insulin signaling in modulating β-cell function and suggest that reduced APPL1 expression in pancreatic islets in obesity may serve as a mediator coupling insulin resistance to β-cell dysfunction, thereby accelerating the progression of T2DM.
Materials and Methods
Animals. Male APPL1 KO mice and male APPL1 transgenic mice in C57BL/6J genetic background have been described in our previous publication (17) . C57BKS db/+ mice were originally from Jackson Laboratories. All mice had free access to food and water and were kept in cages in a 12-h light/dark cycle. All animal experimental protocols were approved by the animal ethics committee of The University of Hong Kong.
Islet Isolation and Insulin Secretion Assay. Pancreatic islets were isolated, cultured, and analyzed by following standard protocol or as described in SI Materials and Methods.
Additional methods are described in SI Materials and Methods. Primers used for real-time PCR analysis are listed in Table S2 . (1) in overnight-fasted mice after i.p. injection of D-glucose (2 g/kg). For insulin tolerance test (ITT), mice fasted for 6 h were intraperitoneally injected with human recombinant insulin (Novo Nordisk). To evaluate insulin secretion in vivo, overnight-fasted mice were intraperitoneally injected with 2 g/kg D-glucose or 1 g/kg L-arginine. Blood samples were taken from the tail vein for the measurement of glucose and insulin levels using a glucose meter and insulin ELISA kits (Antibody and Immunoassay Services, The University of Hong Kong), respectively.
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Quantitative Real-Time PCR. Total RNA was extracted from isolated islets or INS-1E cells using TRIzol reagent (Invitrogen), and cDNA was synthesized from 0.5 μg total RNA by reverse transcription using an ImProm-II reverse transcription kit (Promega) with random hexamer primers. Quantitative real-time PCR was performed using SYBR Green QPCR system (Qiagen) with specific primers (Table S2 ). The PCR reactions were performed using an Applied Biosystems Prism 7000 sequence detection system. The level of target gene expression was normalized against the GAPDH gene.
Adenovirus Infection. Adenovirus encoding APPL1, luciferase control, scrambled control RNAi, and APPL1 RNAi were generated and purified as previously described (1) . Adenovirus expressing the constitutively active form of Akt was a kind gift from Christopher J. Rhodes (University of Washington) (2) . Isolated islets with similar size were selected and cultured overnight for adenovirus infection. Approximately 100 islets were infected with the adenovirus for 3 h at 37°C at 100 multiplicity of infection (MOI), assuming 1,000 cells per islet on average, followed by incubation with the fresh medium for 36 h. INS-1E cells were infected with the adenovirus at 50 MOI and cultured as above.
Coimmunoprecipitation. INS-1E cells were infected with adenovirus encoding APPL1 RNAi or scrambled control for 40 h, followed by serum starvation for 6 h, and treated with insulin (50 nM) for 10 min. The cells were lysed in a mammalian cell lysis buffer [20 mM Tris-HCl, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 1 mM NaF, 1 mM Na 3 VO 4 and protease inhibitor mixture (Roche), pH 7.4]. The total cell lysate was clarified by centrifugation at 20,000 × g for 15 min at 4°C. Protein concentration was determined with BCA protein assay (Pierce Biotechnology). Five hundred micrograms of total protein was precleared by incubation with protein G agarose (Sigma) for 1 h at 4°C. The precleared lysate was incubated with 2.5 μg of antiAkt antibody at 4°C overnight, followed by incubation with 10 μL protein G agarose for 1 h. The immunoprecipitated complex was eluted by boiling with 2× SDS/PAGE loading buffer at 99°C for 5 min. The eluted samples were subjected to Western blot analysis.
Islet Isolation and Insulin Secretion Assay. Mice were fasted for 4 h and killed by cervical dislocation. Pancreas was perifused with collagenase P and subsequently digested at 37°C for 20 min and then filtered through 500-μm and 70-μm cell strainers, resulting in two fractions: flow-through fraction containing exocrine cells (nonislet fraction) and captured fraction (islets). Captured islets were then picked manually under a microscope and maintained in RPMI 1640 culture medium supplemented with 10% (vol/vol) FBS at 37°C overnight. The isolated islets or pancreatic β cells were washed twice with Krebs Ringer bicarbonate (KRB) buffer containing 0.1% fatty acid-free BSA supplemented with 3 mM glucose for 1 h, followed by stimulation with different stimulants for various time periods. For perifusion experiment, the isolated islets were incubated in KRB buffer for 30 min and perifused in KRB buffer containing 3 mM glucose for 6 min, and the perfusate was then switched to KRB buffer containing various concentrations of glucose. Eluted fractions were collected at 3-min intervals for 36 min. Insulin secreted in each fraction was measured using an insulin ELISA kit (Antibody and Immunoassay Services, The University of Hong Kong), and normalized for the number of islets or total amount of protein.
Histological, Immunohistochemical, and Electron Microscopic Analysis.
Pancreases were isolated from mice, fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, embedded in paraffin, and cut into 5-μm thick sections at 50-μm intervals. To determine the distribution of APPL1 in pancreas, pancreas sections of lean mice, diet-induced obese mice, and db/db diabetic mice were stained with rabbit anti-APPL1 (3) and mouse antiinsulin (HyTest) antibodies, followed by staining with secondary FITC-antirabbit IgG-and Cy3-antimouse IgG-conjugated antibodies, respectively. The pancreas section from APPL1 KO was used as a negative control. For the measurement of β-cell mass, pancreatic sections were stained with antiinsulin antibody, and the areas of β cells were quantified using an image analysis software (ImageJ 1.43U). The β-cell mass was evaluated by multiplying the pancreas weight by the percentage of β cells as described (4) .
Electron microscopic analysis was performed by the Electron Microscope Unit at The University of Hong Kong. Briefly, isolated islets were fixed in 2.5% glutaraldehyde in cacodylate, osmicated in 1% osmium tetroxide, dehydrated and infiltrated, and polymerized in epoxy resin. Sections of 100-nm thickness were prepared from the embedded samples. The thin sections were mounted on 150 mesh hexagonal copper grids, stained with 2% aqueous uranyl acetate and Reynold's lead citrate, and visualized on a Philips EM208s transmission electron microscope. Docked insulin granules were quantified as described previously (5) .
Measurement of ATP Production and Calcium Influx. ATP level in the islets was measured with Luminescence ATP detection assay system (PerkinElmer). For calcium measurement, Fura-2 calcium indicator (molecular probe) was loaded onto isolated islet at 37°C for 30 min, followed by washing with KRB buffer. Ratio of 340/380 was monitored using a calcium ion sensing system according to the manufacturer's instructions (IonOptix).
Two-Photon Excitation Imaging. The fusion pore dynamics and exocytosis of insulin granules in pancreatic islets were examined using two-photon excitation imaging as described (6) . Briefly, pancreatic islets isolated from either 16-wk-old male APPL1 KO mice or WT controls were immersed in a solution containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes (pH 7.4), and 3 mM glucose. The polar red fluorescent tracer sulforhodamine B (SRB; 0.7 mM) and/or 10-kDa fluores-cein-dextran (1 mM) was added 10 min before stimulation with 20 mM glucose. Two-photon excitation imaging was performed with an upright microscope (LSM710; Carl Zeiss) equipped with a water immersion objective lens (W Plan-Apochromat 20×/1.0 DIC M27 75 mm; Carl Zeiss), and a laser-scanning microscope. Images were acquired every 0.5 s. Exocytotic events in response to glucose stimulation during the first 5 min were measured within an arbitrary area (1,000 μm 2 ) of islets. The fusion pore dynamics were examined by measuring latency of the onset of staining with SRB (1.4 nm) relative to that of staining with 10 kDa dextran (6 nm).
Statistical Analysis. Data are presented as mean ± SEM. All experiments were repeated three times with representative data shown. Statistical significance was determined by Student's twotailed t test. A P value of less than 0.05 represented a significant difference in all statistical comparisons. Islets from 20-wk-old male APPL1 KO mice were infected with recombinant adenovirus encoding luciferase (Luci) or APPL1 for 36 h, followed by starvation in a serum-free medium for 6 h and treatment with insulin (50 nM) for various time points as indicated. All cell lysates were subjected to Western blot analysis using antitotal or phospho-FoxO1 (Ser-256), antitotal or phospho-Akt (Ser-473), anti-APPL1 or anti-GAPDH antibody as a loading control. (B) Islets from 16-wk-old male APPL1 transgenic mice and WT littermates on HFD were subjected to the same analysis as in A. Bar chart on the Right represents the relative fold change of phosphorylation versus total as quantified by densitometry. *P < 0.05 (n = 4). 
